A strong temperature dependence of the characteristic behavior of the interlayer exchange bias coupling was observed in a ferromagnet/nonmagnetic metal/antiferromagnet trilayer system ͑NiO/Cu/NiFe͒. The oscillation of the interlayer exchange bias coupling was found to be thermally assisted. At low temperature, the exchange bias field decreased monotonically with the Cu spacer thickness. Increasing the temperature close to the Neél temperature, the interlayer exchange bias field became oscillatory with the Cu spacer thickness. A simple picture of the temperature-dependent competition between the RKKY-like coupling and the antiferromagnetic coupling within the antiferromagnetic layer as well as the interlayer dipolar interaction is proposed to explain these findings. The discovery of the long-range magnetic coupling between magnetic layers across a conductive spacer is one of the most important advances in low-dimensional magnetic systems in recent years. At variation of spacer thickness, the interlayer coupling between two ferromagnetic layers behaves oscillatory and alternates between ferromagnetic ͑FM͒ and antiferromagnetic ͑AF͒ coupling.
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1,2 The RKKY-like models have been successfully used to explain this oscillatory behavior of the interlayer coupling by considering the interference of the conduction electrons of one magnetic layer with those in another magnetic layer across the Fermi surface of the spacer. 3, 4 Up to now, this kind of the interlayer coupling has been intensively studied in experiment as well as in theory and is basically well understood under RKKYlike picture.
On the other hand, the physics of the magnetic coupling between AF and FM layers is more complicated as compared to the former one. The direct coupling between AF and FM layers in an FM/AF bilayer system reveals a so-called exchange bias coupling, which results in an additional unidirectional anisotropy, leading to a shift of the magnetic hysteresis loops. The physical origin of the exchange bias coupling was firstly assumed to be a kind of nearest-neighbor or short-range exchange coupling at interface. 5, 6 Most previous studies indicated a strong dependence of the exchange bias field on the interface spin structure. These are, for example, a spin-flop interface state 7 as well as existence of a domain wall 8 for positive exchange bias field in FeF 2 /Fe, 9 effect of interface roughness, 9,10 the relative orientation of the FM and AF spin at interface, 10 and effects of the temperature and cooling field on the surface spin structure of the AF layer.
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A pioneer experimental study has, however, indicated that the exchange bias field is a kind of long-range interaction, which may extend, in a way of exponential decay, several tens of Å, depending on the spacer material or most likely specific electronic structure in nature. 12 Although this finding indicated that the FM layer may correlate with the AF layer via the conduction electrons across the nonmagnetic conductive layer, an oscillatory behavior of the exchange bias field, as expected in an RKKY-like model for the FM/NM/FM system, was, however, not found in this work.
Very recent works, in contrast to the finding in Ref. 12 , reported nonmonotonic variation of the exchange bias field with the nonmagnetic spacer thickness. 13, 14 The nonmonotonic behavior found in Ref. 13 was attributed to the interface roughness. The one observed in Ref. 14 revealed an oscillatory evolution, however, superposed with a strong monotonic background, and had a monolayer oscillation period. The effect due to the interface roughness, however, can not yet be completely excluded. The contradictory results in Ref. 14 and Ref. 12 and the physical origins which determines the characteristic behavior of the interlayer exchange bias coupling still needs to be clarified.
In this communication, we present a thermally assisted oscillatory nature of the long-range exchange bias coupling across nonmagnetic spacer Cu at variation of thickness. The oscillatory behavior of the interlayer exchange bias coupling is strongly depressed at low temperature, and the exchange bias field became monotonic decaying with the spacer thickness. The finding of the significant temperature dependence clarifies the contradiction in the previous studies. 12, 14 It also indicates a temperature-dependent competition mechanism, in which the interlayer RKKY-like coupling competes with the effective AF coupling within the AF layers and the interlayer dipolar interaction, and dominates the behavior of the interlayer exchange bias field at temperatures close to the Neél temperature T N of the AF layer.
The magnetron sputtering system with a base pressure lower than 3ϫ10 Ϫ7 torr was used in 2 mtorr Ar working pressure for deposition of the FM layers ͑100 Å NiFe͒, Cu layers and AF ͑100 and 250 Å NiO͒ layers on the Si͑110͒ substrate, using DC and RF power sources for conductive and nonconductive layers, respectively. The thickness of the layers was carefully calibrated by quartz thickness monitor and Detak surface texture probing system, and was, in particular for the Cu spacer, well controlled within 10% deviation of the desired value for each deposition. The thicknesses of the NiO layers were intentionally chosen to be 100 and 250 Å, which have different T N (ϳ200 and ϳ350 K estimated from the blocking temperatures͒, due to the finite-size effect.
The magnetic hysteresis loops were obtained by a superconducting quantum interference device. Before magnetic measurements, the sample was first cooled under an external field 1000 Oe from 300 K ͑or 360 K͒, which is above the T N of the 100 Å ͑or 250 Å͒ NiO, down to the desired measurement temperature. The 1000 Oe cooling field is high enough to form a well ordering of the AF layer. Figure 1 shows the representative examples of the hysteresis loops taken at 20 K for the 100 Å NiO/X Cu/100 Å NiFe with Cu spacer thickness xϭ3 Å, and 10 Å after the 1000 Oe field cooling procedure. A significant shift in all hysteresis loops from the Hϭ0 is observed.
In Fig. 2͑a͒ , the values of the H e at different temperatures of 100 Å NiO/Cu/100 Å NiFe are depicted as a function of the spacer thickness. The H e measured at 20 K behaves as a long-range interaction, decreasing monotonically with increasing Cu thickness, and vanishes above 25 Å. This finding agrees well with the previous finding in Py/Cu/CoO systems. 12 The characteristic behavior of the evolution of the H e with the spacer thickness changes, however, significantly when the temperature varies. It should be noted that each measurement at a certain temperature possesses its own field cooling procedure, and is independent of the measurements at other temperatures. Starting with the temperature 70 K, the H e becomes oscillatory with Cu thickness. This tendency increases with increasing temperature. At 145 K, which is close to the T N , an evident oscillation, without any background subtraction, of the H e value is observed for the thickness range between 3 and 14 Å, indicating an oscillatory interlayer bias coupling. The period of the oscillation counts for about 11 Å, which is consistent with the long period in the interlayer exchange coupling in Co/Cu/Co as well as Fe/ Cu/Fe ͑Refs. 16 and 17͒ and in the magnetoresistance oscillation for Co/Cu͑100͒ multilayers. 18 This indicates that the characteristic behavior of the oscillation for both FM/ NM/FM and FM/NM/AF systems can be traced back to the same origin in electronic structure specified by the spacer materials. For Cu thickness larger than 14 Å, the H e of the NiO/Cu/NiFe becomes too small to observe any characteristic behavior. Increasing the temperature up to 200 K, the H e vanishes for all Cu thickness, reaching the T N of the AF layer.
Different from the half value of the short exchange coupling period found in Ref. 14, the period observed here is, as indicated above, consistent with that in FM/NM/FM system. [16] [17] [18] In our case, the in-phase and out-of-phase interference between FM and AF layers, which are corresponding to the FM and AF coupling in FM/NM/FM, respectively, must give the different ͑oppose͒ contribution to the H e . It is, however, hardly to explain the half periodicity ͑1 ML͒ or the ͉cos(2d/)͉ dependence of the H e as reported in Ref. 14. As will be discussed below, a temperature-dependent measurement could be helpful for checking the possible effect of the interface roughness on the H e , which may also oscillate with film growing in a period of monolayer.
For the samples with 250 Å NiO layer, as shown in Fig.  2͑b͒ , the H e reveals a similar characteristic behavior. The oscillation period ͑11 Å͒ is the same as that with 100 Å NiO. It should be noted that the temperature range, in which the oscillation appears, is shifted to higher temperature. This is due to the higher T N for the 250 Å NiO layer as mentioned above. It is clear to see for both NiO thicknesses, that at low temperatures, the oscillatory behavior is suppressed. Temperature here plays a crucial role for the interlayer exchange bias coupling. The oscillatory behavior is thermally assisted, and more significantly, emerges only within the temperature range close to the T N .
The finding that the H e oscillation is thermally assisted excludes also the doubt if the ͑extrinsic͒ effects of the interdiffusion and interface roughness cause the oscillatory be- havior. Since the interface morphology should be unchanged within our measurement temperature range, the oscillation should be found at all temperature investigated if it is really induced by the roughness or interdiffusion. Our finding is clearly not the case, and should be due to the intrinsic properties as mentioned above. In fact, the exchange bias can be really enhanced in a diluted antiferromagnets, however, only with its volume part, but not interface. 19 In order to pick up the temperature-dependence feature, the H e of the samples with 3 and 8 Å spacer, which are corresponding to the minimal and maximal points of the oscillation in Fig. 2͑a͒ , respectively, is depicted as a function of temperature in Fig. 3 . It is easy to see that they reveal significantly different temperature dependence and have a cross point at ϳ85 K. The data for the 8 Å can be fitted well linearly, while being more complicated for the 3 Å.
As mentioned above, the behavior of the exchange bias field is often traced back to the spin configuration or microstructure at interface, which may be temperature dependent. 11 Nevertheless, different from the AF/FM bilayer, the spin configuration at interface of the FM/NM/AF trilayer is not only determined by the AF coupling or intrinsic spin structure within AF layers, but also affected by the long-range interlayer interaction across the spacer with the FM layer. The characteristic behavior of the exchange bias field should be thus attributed to both AF and interlayer couplings.
To obtain a clear picture for understanding our findings, we consider an AF/NM/FM trilayer system with a constant FM thickness and magnetization, in which the anisotropic effect is negligible, and the FM layer magnetically homogeneous. We may express the energy E b of the exchange bias system in a simple model as follows,
where S FM is the spin of the FM layer, S AF,i the effective uncompensated spin at interface, which participates in the exchange bias interaction with the FM layer, S AF the neighbor spin within the AF layer, J inter the effective interlayer coupling between the FM and AF interface layers ͑i.e., S FM and S AF,i ), J AF the effective antiferromagnetic coupling between S AF,i and S AF . J inter (T,d), a long-range coupling, depends on the temperature and the spacer thickness d. The effective AF coupling J AF (T) includes the temperature dependence due to the thermal fluctuation of the surface spin in the usual form, such as the Brillouin function in the classical ferromagnet. For the dϭ0 Å, the J inter (T,0) becomes J AFϪFM (T) ͑the interface coupling between AF and FM spins͒, while the J AF (T) is the AF coupling between two AF spins, as suggested in Koon's model. 7 The long-range interlayer coupling J inter may have two different physical origins. The first one is the RKKY-like interlayer coupling mentioned above. The second possible source of the interlayer coupling is the dipolar interaction or magnetostatic coupling J dip , which critically depends the net AF surface spin due to presence of the surface or interface roughness. The temperature dependence of J dip is attributed to the thermal fluctuation of the magnetic moments of the AF layers at interface and FM layers. The presence of the roughness at interface gives a nonzero contribution to the coupling, which may be comparable to the RKKY one (J RKKY ). [20] [21] [22] [23] A detailed estimation on the strength of dipolar interaction needs however further information on the interface roughness.
The T dependence of J RKKY is, however, more complicated, and has been attributed to two different origins. 24 The first one derives from the disordering of the spin moments. It has been shown that, for thicker FM layers of the FM/ NM/FM system, the RKKY-coupling decays almost linearly and slowly with T near the T C , 25 while with TlnT for a monolayer limit. 26 The second one is caused by the intrinsic T dependence of the electronic structure of the layers due to smoothing out the step feature of the Fermi distribution at finite temperatures. 24, 27 Since the d determines the oscillation amplitude of the periodic term in the J RKKY , the J RKKY at various d gives, therefore, different contribution to the E b , leading to the different T dependence of the interlayer exchange bias coupling, as shown above in Fig. 3 . This makes also the T dependence of the interlayer exchange bias coupling more complicated as compared to the interlayer coupling in FM/NM/FM systems, and still requires further theoretical input for the quantitative understanding.
To explain our findings qualitatively, we may now propose a simple picture, in which the J RKKY competes temperature dependently with J dip and J AF . The J RKKY decays slowly with the temperature. At high temperatures close to the T N , it may overcome both J dip and J AF couplings, and therefore the H e become oscillatory with the spacer thickness, as found above for both series of samples.
On the other hand, at low temperatures, the J AF and J dip are dominant, and the oscillatory behavior due to the J RKKY is suppressed. The mechanism of the competition between J RKKY and J dip as well as J AF determines thus the characteristic behavior of the interlayer exchange bias field H e . This also clarifies the contradiction in the previous studies, 12, 14 and explains the absence of the H e oscillation for the Py/ spacer/CoO sample in the previous work, 12 in which the measurement temperature ͑80 K͒ could be too low with respect to the T N ͑290 K͒ of the CoO AF layer. 
RAPID COMMUNICATIONS
Finally, besides the simple picture above, one seems not to be able to completely exclude the possibility that the interface could somehow affect the temperature-dependent behavior of the interlayer coupling through the probable presence of the pinhole. The NiFe in the pinholes could be highly magnetic at low temperature and the direct exchange bias mechanism may thus overcome the RKKY coupling, while at high temperature, the RKKY-coupling dominates because NiFe in the pinhole is only weakly magnetic. Nevertheless, as indicated above in Fig. 2 , the temperature range associated with apparent H e oscillation for the trilayers with 250 Å NiO is much higher than that with 100 Å NiO. Since the thickness of the FM layer and in turn its T C was kept unchanged, the enhanced temperature range for the H e oscillation found in Fig. 2͑b͒ is thus most likely attributed to the higher T N of the AF layer, in consideration of the competition of the RKKY coupling with the AF coupling rather than with the direct coupling of the FM layer in the pinholes.
In summary, only at temperatures close to the T N , a significant oscillatory interlayer exchange bias field for the NiO/Cu/NiFe structure with the Cu layer was observed. The oscillation was strongly depressed when lowering the temperature. The significant T dependence of the interlayer exchange coupling is believed to be due to the T-dependent competition between the RKKY-like coupling and the AF coupling within the AF layer as well as the interlayer dipolar interaction. Our findings indicate the important effect of the temperature, and clarify the contradictory previous reports on the interlayer exchange bias coupling. 
